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ABSTRACT

The saccadic control system represents a good model system to study the selection of stimulus events

according to their spatial location. The present work focuses on two factors known to influence

saccade latency: the presence of a fixation stimulus and the nature of the saccade target. We report

evidence which suggests that fixation point offsets facilitate pre-motor stages of saccade generation

(Reuter-Lorenz et al., in press; Appendix D). This idea, in conjunction with electrophysioiogical

data, suggested that fixation offset might also facilitate saccades to acoustic targets. Expeiment I

confirmed this suggestion (Fendrich, et al. [in preparation]). The facilitatory effects of redundant

stimulation via the visual and auditory modalities is examined in Experiment 2 (Nozawa e: al.,

1990).The data suggest significant neural summation, which we attribute to bimodal convergence

onto individual cells thought to mediate saccadic command functions. Finally, analytic mehods for

establishing these conclusions (Nozawa, Appendix 1) and progress on computer-aided

reconstruction of lesion sites in humans (Tramo et al., Appendix II) are described. The de:ailed

analysis of lesion site represents a prerequisite to future efforts to identify the neural s:ruc-res which

mediate these influences over oculomotor efficiency.

Accession For

NTIS GRA&I
DTIC TAB 0
Unannounced E]
Justification

By
Distribution/

Availability Codes

Avail and/or

Dit 3pua



Introduction

In natural situations, organisms must be able to process sensory information

originating from many different spatial locations. Since any information processing system

has capacity limitations, there is a need for a "selection schedule" whereby different spatial

locations are sampled serially. While there may be instances in which spatially distributed

sensory information can be processed in parallel, there are a great many situations in which

se.ici processing is required. One clear example of serial processing in vision is the

secuence of fixations observers make when inspecting a complex scene. Since the greatest

dezree of spatial resolution is confined to the area centralis or fovea, which represents only

0.91% of the visual field (Carpenter, 1977), there is the need for an elaborate motor system

cacabie of quickly moving the eyes from one area of interest to another (i.e.. the saccadic

control system) and a system for foveating objects in motion (i.e., the slow pursuit

s'ystem). It is hardly coincidental that the development of the oculomotor system attains its

greatest elaboration in those mammalian species who also have well-developed foveas.

Thus. eye position indicates the portion of he visual field currently being processed with

the neatest precision, and the fixation point is often taken to indicate the ,zu-!-rent locus of
visual attention.

It would appear almost axiomatic that overt shifts of eye position should be under

muitimodal control, since objects located in the visual periphery are likely to produce
stimulus energy in more than one modality. Thus, a visually camouflaged object might be

de ec:ed first in the auditory modality. This auditory input could elicit a shift in eye/head

position which brings the image of the object into central vision, where the camouflage is

more likely to be broken. However, very little information concerning the role of auditory

inputs in controlling eye position is available (see however, Grusser, 1983: Mather and

Lackner, 1980).

The discovery that the superior colliculus of the midbrain (SC) recei, es auditory

inputs (Meredith & Stein, 1983; Peck, 1987; Wise & Irvine, 1983) suggests one possible

mechanism whereby acoustic stimuli might generate saccades. There is strong evidence

that the superior colliculus plays an important role in the generatio,. of saccades: it receives

visual input from both the retina and cortex, has efferent projec ions to pre-oculomotor

brainstem structures, and can trigger saccades when focall, stimulated (e.g., Sparks, 1986;

Sprague & Meikle, 1965; Wurtz & Albano, 1980). Thus, the auditory input to the

coiliculus represents a subcortical link between the auditory and oculomotor systems.



The speed with which a stimulus can elicit a saccade is also an important parameter

of oculomotor control: it is obviously desirable that the oculomotor system generate

saccades as quickly as possible. In general, the latency to initiate a saccadic eye movement

to a peripheral target is very similar to the latency to initiate a simple manual response to the

same target (e.g.., Carpenter, 1977; Hughes and Kelsey, 1985). Under certain

circumstances however, saccades can be generated with extremely short latencies (100-120
ms as compared with 200-250 ms for ordinary saccades or simple manual reaction times

[RTs]). These short-latency saccades (referred to as express saccades ) are enabled when

the fixation point is extinguished 200 to 400 ms prior to the onset of the saccade target

(e.g.., Fischer, 1987). While the mechanisms underlying the production of express

saccades are not well understood (see discussion by Reuter-Lorenz, Hughes & Fendrich,

1990; included as Appendix 1), it appears that the superior colliculus plays an essential role.

Thus, ablation of the SC in monkeys permanently eliminates express saccades (Sandell,

Schiller & Maunsell, 1984; Rohrer & Sparks, 1986). These same lesions serve only to

increase the latency of normal saccades (Wurtz & Albano, 1980).

Since the SC is a structure that appears to be importantly involved in converting

sensory signals to oculomotor commands, it functions as both a sensory and motor center.

The results from an initial series of experiments supported by AFOSR Project # 89-0437

(Reuter-Lorenz, Hughes & Fendrich, Appendix I, in press) are interpreted in terms of a

model of express saccades which emphasizes the pre-motor processes known to occur in

the SC. In contrast to earlier views which attribute express saccades to enhanced

processing of the visual target (Reulen, 1984a, 1984b) or the early disengagement of visual

attention (e.g.., Fischer, 1987), Reuter-Lorenz et al. attribute the facilitatory effects of

fixation point offsets to enhanced pre-saccadic motor activity in the deeper layers of the

superior colliculus. This interpretation is based on the two principle findings reported in

Reuter-Lorenz eLal.: 1). that the facilitatory effects of prior fixation point offsets (hereafter

referred to as the "gap effect") on saccadic latency are additive with the effects of the

luminance of the saccadic target and 2). the facilitatory effects of fixation point offsets is

specific for saccades directed towards the target ("pro-saccades"). Tasks in which

saccades are to be directed away from the target ("anti-saccades": See Hallett & Adams,

1980) and choice manual RTs are unaffected by extinguishing the fixation point prior to

the delivery of the imperative stimulus. Thus, Reuter-Lorenz et.al. (in press) suggest that

the response specificity is consistent with the view that the SC is essential for the

occurrence of express saccades, since the SC contains circuits important for the production

of pro-saccades but not anti-saccades or speeded manual responses. The additivity

between the gap effect and the effect of target luminance supports the suggestion that the



gap effect operates at a "post-sensory" stage in the neural processes that translate sensory

input into saccadic eye movements.

Thus, the mechanisms by which fixation point offsets facilitate saccadic latency and

the functional character of multimodal convergence within oculomotor centers are clearly

important issues in our continuing attempt to characterize the efficiency of oculomotor

control. Here we report the results of additional work that derives directly from the

considerations of oculomotor control outlined above. We first demonstrate that

extinguishing the fixation point reduces the latency to initiate saccades for acoustic as weln

as visual :argets. Thus, we establish that "express saccades" occur in the auditory as well

as he visual modality. In a second series of experiments, we report on the facilitator

effects of multimodal targets on the latency to initiate saccades. As was indicated in our

original proposal, true multimodal integration must be distinguished from latency

facilitation produced by the simple summation of stochastically independent response times

associated with each modality. We have made a ,great deal of progress in developing

analytic methods to distinguish this probabiliy summation from neural suammation, and we

oudtie the mathematical treatment of the data in Appendix III.

General Methods

ADoaratus

The basic apparatus consists of an array of 5 stimulus panels aligned on an arc with

a radius of 114 cm. Each stimulus panel contains a red light-emitting diode (LED), a green

LED, and a small (4 cm) speaker. The position of each stimulus panel is adjustable. In the

current series of experiments, the panels are positioned at eccentricities of 100 and 200

along the horizontal meridian of the left and right visual fields. The green LED of the

middle panel serves as a fixation point and the red LEDs of the eccentric panels serve as the

visual targets. Acoustic signals consist of brief (100 ms) bursts of white noise delivered

through the speakers on the eccentric panels. Both the amplitude of the acoustic targets and

the luminance of the visual targets are controlled by 12 bit D/A converters. In order to

maintain equivalent degrees of observer readiness across conditions, acoustic warning

signals (1000 Hz, 300 ms) presented through the center speaker precede the delivery of

imperative targets. In order to prevent echoes which night impair sound localization

performance, the entire apparatus is enclosed in a large (1.54 m. by 1.54 m. by .9 m.)

enclosure which is lined with a sound-absorbing foam material (SonexT'). A photograph

of the apparatus is shown in Fig. 1.



FIGURE I

Interior view of sound-insulated experimental chamber.

Eye position is monitored using a scleral infra-red reflection device (Narco

Biosystern T Model 200 eye tracker). The output of the eye tracker is sampled via a 12 bit
A/D converter at 250 Hz, and the digitized records are stored for subsequent off-line data

analysis. In some experiments, saccade performance is compared to either directed manual
responses or to simple manual reaction times (RTs). Directed manual responses are

recorded using a inductive coil joystick, which is also sampled at 250 Hz. For this

condition, subjects are simply instructed to move the joystick in the direction of the target's

location as quickly as possible. Simple manual reaction times are recorded by depressing a

microswitch, which is also sampled at 250 Hz. In this condition, subjects are instructed to

depress the microswitch in response to any target as quickly as possible. Thus, all

responses are timed with equivalent temporal resolution. The presentation of stimuli,

timing of events and data collection are all computer-controlled.

The apparatus is located in an isolated, darkened room. Data collection is always

preceded by 5 min of dark adaptation, during which time the eye tracker is adjusted and eye

position is calibrated. Subjects view the display at a distance of 114 cm. Head movements



are minimized using a bite-plate. All subjects are emmetropic (or are appropriately

corrected) and have normal hearing.

Response Detection. Both saccades and directed manual responses (joystick movements)

are detected using a velocity criterion. While the detection of both saccades and joystick

responses is automatic, an experimenter always monitors the records in order to insure that

misses or false positives are not included within the data set In general, the velocity

criterion for saccades is set to - 50 deg. sec - 1, however, the criterion is sometimes adjusted

in order to maximize the performance of velocity-based algorithm. This is especially true in

the case of joystick responses, which tend to show greater variability than saccades.

Preliminary Testing. As might be expected, neurophysiological (Stein et al., 1989) and

behavioral data (Miller, 1986) indicate that the magnitude of summation effects between

two different modalities depend upon central simultaneity of the arrival times for the two

inputs. Therefore we obtain extensive preliminary data comparing average response times

to both visual and auditory targets in order identify stimulus energies that produce

equivalent latencies in each subject. This is important because a large mismatch in the

response times for each modality would minimize our ability to detect intersensory

facilitation (the presumption is that the central arrival times from each modality should be

nearly simultaneous since a large asynchrony between modalities will not produce the

enhancedI neural activity that underlies the effect).

The analytical methods described in Appendix II utilized the entire distribution of

response latencies rather than simple comparisons of summary statistics, and therefore

permit us to relax the requirement of central simultaneity. This not only maximizes the

sensitivity of our measures of summation between modalities, but has the additional

advantage of providing our observers with extensive practice on the various tasks prior to

the formal collection of data.

EXPERIMENT I EFFECTS OF PRIOR OFFSET OF FIXATION POINT

ON THE LATENCY OF SACCADIC EYE MOVEMENTS: A COMPARISON

BETWEEN VISUAL AND ACOUSTIC TARGETS

Introduction

Extinguishing the fixation stimulus 200-300 ms prior to the onset of an eccentric

visual target (the "gap paradigm") reduces the latency of a saccade directed towards that

target (e.g., Saslow, 1967; Fischer & Breitmeyer, 1987). Fischer (1987) referred to these



short latency saccades as express saccades. The factors responsible for the production of

express saccades are not yet understood. The latency reduction observed in the gap

paradigm has been variously attributed to 1) enhanced processing of the visual target (e. g..,

Reulen, 1984a, 1984b), or 2) several possible efferent factors which ordinarily serve to

delay the programming of saccades (Kalesnykas & Hallett, 1987; Saslow, 1967). A third

possibility, that fixation point offsets facilitate the disengagement of attention and thus

permit more rapid execution of the motor program has also been suggested (Fischer &

Breitmeyer, 1987).

The findings of Reuter-Lorenz et al.(in press) were interpreted as arguing against

sensory facilitation models. Rather, Reuter-Lorenz et al. suggest that fixation point offsets

facilitate pre-motor processes. It is known that neurons in the deeper layers of the supen-or

colliculus increase their rates of discharge 20-30 ms prior to the occurrence of saccadic eye

movements. The activity of these "pre-saccadic burst" neurons is dependent on the

particular vector of the ensuing saccade: each cell's burst is specific for a particular saccade

vector. In addition, these cells increase their activity prior to "spontaneous" saccades ar-de

in darkness. These response characteristics suggests that the cells in the deeper layers of

the SC are part of a motor command system for the initiation of saccades, an interpretaton

consistent with the fact that many of these cells project to an area of the pons known to

control motoneurons of the extraocular muscles. Thus, Reuter-Lorenz et al. suggest that

the occurrence of express saccades may rely to a large extent on the activity of the pre-

saccade burst neurons in the deeper layers of the SC, a suggestion consistent with findings

that lesions of the SC abolishes the occurrence of express saccades but not regular saccades

(e.g., Sandell et. al., 1984).

Recently is has become clear the many of these cells receive convergent visual and

auditory inputs (e.g. Jay & Sparks, 1990; Stein et al., 1989), suggesting a possible circuit

whereby acoustic inputs can achieve control over the oculomotor system. Interestingly.

there is good correspondence between the visual and auditory receptive fields of these cells,

an obvious requiremeat of a system designed to direct the eyes to the source of either visual

or auditory events. The interpretation of express saccades suggested by Reuter-Lorenz et

al., in conjunction with the convergence of multimodal inputs on pre-saccadic burst

neurons, naturally leads to the suggestion that fixation point offsets might facilitate

saccadic latencies to auditory as well as visual targets. The present experiment is designed

to evaluate this possibility.



Methods and Procedures

The design of the apparatus and the method of recording eye movements are

described in the General Methods section of this report. The saccade target was 300 ms in

duration and consisted of a white noise burst ( 90 dB) or the illumination of a red LED

(0.7 cd/m 2). Pilot data indicated that these stimulus intensities produced approximately

equivalent response times. The visual and acoustic targets were positioned at 100 to the left

or right of the fixation LED. Each block consisted of 72 trials. On half of the trials the
fixation light (a centrally placed green LED) was extinguished 200 ms prior to the onset of

the saccade target (gap trials) and on the other half, the fixation light remained on

throughout the trial (overlap trials). To discourage anticipatory responding, 11% of the
trials were catch trials in which no target event occurred. The remaining trials consisted of

an equal number of acoustic and visual targets. Fixation condition and target modality
varied randomly within each block. Six observers served as subjec:s. Each was an

experienced subject in oculomotor experiments. Data were collec:ed over the course of 7

experimental blocks. Each block consisted of 72 trials. Thus, each subject generated 112

observations for each of the four conditions (gap-visual target: overlap-visual target; gap-
acoustic target; overlap-acoustic target).

Results

As previously reported by Jay and Sparks (1990), saccades zo acoustic targets

tended to occur in pairs in which the first and second saccade were of similar magnitude.

Similar "double step" saccades are generated in the anti-saccade task (cf., Hallett & Adams,

1980; Reuter-Lorenz et al., in press), suggesting that double saccades might be

characteristic of saccadic motor programs generated without visual guidance. The

determination of saccade latency is of course based on the timin of the first saccade in

such cases.

The average latency of the saccades obtained in each trial condition are illustrated in
Fig. 2. It is evident that the latencies of both visual and auditory saccades was reduced by

prior fixation point offsets. This effect was confirmed by an analysis of variance (ANOVA)
on the individual subject means which indicated that only the main effect for fixation

condition was significant, F(1,5)= 12.98; p<.02. The average magnitude of this "gap

effect" was 42.5 ms for visually guided saccades and 31.5 ms for acoustically guided

saccades. Although the magnitude of the effect lopears slightly larger for the visual

targets, the interaction term in the ANOVA is not significant, F(1,5)= 4.49; p<.09.
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Discussion

The results provide a clear indication that fixation point offsets can facilitate the

latency of saccadic eye movements triggered by auditory targets. The data therefore are

commensurate with a model of express saccades which emphasizes premotor factors rather

than sensory accounts -f the gap effect. In particular, Reulen proposed that fixation point

offsets exert their effects specifically within the early stages of the visual system, by

facilitating the processing of visual events (Reulen, 1984a; 1984b). Together with the

results of Reuter-Lorenz et al.(in press), the present finding of a gap effect for auditory

targets is inconsistent with Reulen's account.

The attention based account of express saccades proposed by Fischer and

Breitmeyer is also incompatible with the present observations. A number of studies have

demonstrated that responses to auditory targets are unaffected by spatial precues,

suggesting that prior attentional orienting is not necessary for detecting auditory signals

(Buchtel & Butter, 1989; Posner, 1978). Thus, in the very least, the attentional

disengagement hypothesized by Fischer and Breitmeyer (1987) appears to differ in

important ways from that hypothesized on the basis of precuing experiments (see Appendix

I for a discussion of this point).

The finding that fixation point offsets facilitate saccades to both auditory and visual

targets is however consistent with the view that fixation release operates at a stage of

oculomotor processing that is later than the stage which is common to both auditory and

visual inputs. The functional nature of this convergence of audi" ry and visual information

is addressed in Experiment 2.



EXPERIMENT 2. THE EFFECTS OF BIMODAL STIMULATION ON

SACCADE LATENCY

Introduction

Even causal experience indicates that either visual or auditory events can elicit

saccadic eye movements which serve to align the fovea with the source of the stimulus.

Recent electrophysiological work has revealed a neural mechanism that appears designed to

allow this multimodal control of saccades: individual neurons within the deeper layers of

the superior colliculus receive convergent visual and auditory inputs (e.g.. Jay &

Sparks,1987; Peck, 1987; Meredith & Stein, 1987). The coordinates of the visual and

auditory receptive fields are usually in spatiotopic register, and spatially aligned bimodal

inputs often elicit unit discharges that are substantially more robust than the responses

evoked using either modality alone (Meredith & Stein, 1987). Jay and Sparks (1987)

report that many pre-saccadic burst (PSB) neurons receive convergent visual and auditory

inputs, suggesting that the two modalities might show particular types of facilitatory

interactions in controlling oculomotor responses. The present experiment represents an

initial attempt to determine the degree to which spatially coincident auditory and visual

targets can facilitate the latency to initiate saccades relative to the latencies associated with

stimuli of either modality presented alone. The experiment thus addresses the issue of

intersensory facilitation in the saccadic control system.

Central to a behavioral analysis of intersensory facilitation is the question of

whether the facilitatory effects of bimodal stimulation are sufficiently robust to rule out the

possibility that the bimodal responses times are simply determined by which ever modality

is detected first (equivalent to the operation of a logical OR gate). As the detection times

associated with each modality are themselves random variables, some reduction in

responses times is expected in a system which applies such an OR operation to otherwise

independent sensory channels, an effect known as probability summation. It is therefore

essential to distinguish between true neural summation and the facilitatory effects that are

accountable on the basis of simple probability summation. Our approach to this issue is

being developed by Mr. G. Nozawa, a graduate student in Psychology at Dartmouth who

is supported by AFOSR grant # 89-0437. The details of the mathematical treatment are

presented in Appendix III of this report. In general, we compare the distributions of

response times to bimodal stimuli to the distributions associated with unimodal stimuli

using the laws of the joint probability of independent events. If the facilitatory effects of



bimodal stimulation exceed those predicted on the basis of the summation of independent

events, simple probability summation can be rejected.

Methods and Procedures

Apparatus. The apparatus was the same as in the previous experiments, although the

eccentricity of the targets was increased to 20 deg. of arc. Eye movements were recorded

and analyzed as before. In addition to measuring saccade latencies to auditory, visual and

bimodal targets, we included sessions in which the observers were required to generate

manual responses under similar conditions. The purpose of these conditions was to

compare the degree of intersensory facilitation for different response systems.

Two kinds of manual responses were examined. Direc:ed manual responses, like

saccades, required a response that was determined by the location of the target. Directed

manual responses were recorded using an inductive-coil joystick. The subjects were

simply required to push the joystick in the direction of the eccentric targe t as quickly as

possible. Thus, these directed responses require location information -just as in saccades)

but utilize a different response system. The joystick position was sam:ied using D/A

convertors just as in the saccades (250 Hz sampling rate) and the direc-Hon and latency of

the movements were analyzed in a similar manner. The second type of manual response

was a simple reaction to the target onset. In this condition then, the location of the target is

irrelevant to the performance of the task. Subjects simply depressed a microswitch in

response to the target, and the latency of this response was the dependent measure.

Preliminary Procedures.

In order to identify stimulus intensities that produce equivalent latencies, observers

were first run in a series of experimental sessions in which we measured their response

latency as a function of stimulus intensity for both auditory (100 ms white noise bursts) or

visual (red LEDs) targets. There were 64 trials in each session. Each trial began with a

warning tone, followed by either a visual or auditory target (there were no bimodal

stimulus trials in these preliminary sessions). Auditory and visual target trials were

randomly mixed throughout the session, but were presented with equal frequency. Four

different stimulus intensities were used for each modality, and the stimulus intensity and

target location (left vs. right) also varied randomly across trials. Four of these preliminary

sessions were run for each response system (saccades, directed manual responses, simple

manual responses), so each data point of the obtained intensity-RT function is based on

approximately 30 observations. The intensity-RT curves were used to select visual and



auditory stimulus levels which produced comparable response times for use in the form-,i

portion of the experiment. This preliminary testing was done for each of the three

responses to insure that the intensity matches were appropriate for each response condi-2cn.

Subjects.

To date three normal observers have participated in all phases of the experiment-

Two others have participated in a subset of the conditions, but we report here only the daza

of subjects who have completed the experiment. Each was emmetropic or wore the

appropriate optical correction. Each had normal hearing. The subjects were paid for -e-:

participation.

Formal Procedures.

When intensities which produced equivalent latencies for the visual and auditor.

targets were identified, formal data collection began. Each rver participated in 15

experimental sessions of 60 trials each. Typically, a subject was tested for 2-3 sessions -:er

day. Each session contained trials in which the imperative target was presented in either --'e

auditory modality, the visual modality or both. Each target type occurred with equal

frequency in a randomized order. In addition, the location of the targets (20 deg. on e:'":

side of fixation) was randomized. The data reported below are based on at east 100

observations for each stimulus condition (auditory, visual or bimodal) in each of the th-ee

observers.

Results

The averaged RTs for auditory, visual and bimodal targets are illustrated in Fig...

The left portion shows the saccade latencies, the middle shows the directed manual

responses, and the bright portion shows the simple manual response times. It can be seen

that for both types of directed response conditions, bimodal stimulation appreciably

reduced response times. As pointed out in the Introduction to Experiment II, this reduc-n

in response time could be accounted for on the basis of simple probability summation

between independent visual and auditory signal processing. The important issue then. .s :o

establish whether the magnitude of bimodal facilitation exceeds the level predicted on the

basis of simple summation of independent sensory channels. If so, then the data cannot be

solely attributed to probability summation. In this case, we should like to interpret the

results as behavioral evidence of neural summation between the auditory and visual

modalities. In the case of the saccade task, this summation is likely the result of

convergence of visual and auditory information onto individual neurons importantly



involved in the generation of saccades. i.e., the bimodal pre-saccade burst neurons known

to exist in the deeper layers of the superior colliculus. We now turn to an analysis that

allows us to evaluate whether the dezree of bimodal facilitation is greater than that

attributable to probability summation alone.

FIGURE 4 400- VISUAL

-.)[] AUDITORY
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Evidence of Neural Summation based on Analysis of Survivor Functions S measure)

As described in Appendix III, we have two alternative measures of the expected

magnitude of bimodal facilitation assuming statistical independence of zhe auditory and

visual channels. First, we have the measure devised by G. Nozawa. termed the S

measure. This measure is based on comparisons between the survivor frunctions obtained

from the two unimodal conditions with that obtained in the bimodal condition (Eq 3 of

Appendix III). If the bimodal survivor function is generated by a logical OR applied to the

near simultaneous arrival of visual and auditory afferent activity (often caled the "horse

race model"), then the expected value of the S measure is 0. If the degr-ee .f bimodal

facilitation is greater than that predicted by the horse race model, then the S measure

assumes negative values. Our analysis therefore computes the S measure along the entire

domain of the survivor functions (i.e., throughout the entire range of reszonse latencies).

Obtained S measures for 3 subjects are shown in Fig. 5a -c. The top panel in each

figure represents the data for saccades, directed manual responses are shown in the middle

panel, and simple manual responses appear in the lower panel. It can be see that there is a

clear ordering of the magnitude of the S measure between the three response conditions

(saccades>directed manual responses>simple manual responses). The data provide clear

indications that the magnitude of bimodal summation for saccades exceeds that predicted by
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FIGURE 5b S2: Saccades
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FIGURE 5c S3: Saccades
0.1

-0.0 '

6 .

-0.2

-0.3

-0.4-

0 200 400 600 800 1000

Time In msec

S3: Directed-Manual
0.2

0.1

-0,0

-0.i

S-0.2

-0.3

0 200 400 600 800 1000

Time in msec

S3: Simple Manual
0-2

0.1 -

-0.0

-0.1

--0.2

-0.3

-0.4 - • • I

0 200 400 600 800 1000

Time In msec



probability summation, and therefore strongly suggest the existence of neural summation of

the auditory and visual targets for this task. In contrast, directed manual and simple manual

RTs provide little evidence of facilitation beyond that expected by probability summation

alone (the S measure values remain near 0). This analysis shows that auditory and visual

information probably do converge (in a facilitatory manner) onto neural mechanisms that

play an important role in the execution of saccades. The results also provide little reason to

invoke facilitatory neural convergence in order to account for the magnitude of summation

particularly in the for simple-manual task. For two of the subjects (S2 and S3), however,

there is a suggestion of some degee of neural summation for directed manual responses. It

seems quite reasonable to suppose that the world of sensory interactions is not simply

limited to two states (either probability summation or neural summation); various decrees

of neural summation clearly seem possible. A method for distinguishing between levels of

neural summation is being developed by a member of our group (G. Nozawa) and is

outlined in Appendix 1II, so we should be able to apply tests of statistical significance to

differences in the S measure in the near future.

An application of Miller's inequality (Eq. 1 of Appendix III) is illustrated in Fig.

6a-c. In this case it is positive values provide the strongest evidence for neural summation

between the auditory and visual inputs. It can be seen that the saccade data are consistently

greater than zero. Thus, both measures indicate the existence of neural summation between

visual and auditory channels in the generation of saccadic eye movements.

Discussion

These performance data support the following conclusions: 1) the human

oculomotor system combines localized auditory and visual information to a degree that is

substantially greater than that expected according to simple probability summation; 2) the

neural mechanisms that underlie directed manual responses and simple manual responses to

bimodal stimulation may simply be triggered by whichever modality is detected first

(logical OR applied to the inputs).

In the case of saccades, the most parsimonious interpretation is to suggest that the

observed degree of intersensory facilitation is supported by the convergence visual and

auditory afferents onto pre-saccadic burst neurons within the deeper layers of the superior

colliculus (e.g. Peck, 1986; Jay & Sparks, 1987). This interpretation would receive

strong additional support if it could be shown that intersensory facilitation of saccades

depends on the spatial alignment of the visual and auditory inputs in a manner similar to

that already described for the pre-saccadic burst neurons by Meredith and Stein (1987).

Much of our future efforts supported by AFOSR grant # 89-0437 are designed to examine
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FIGURE 6b S2: Saccades
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FIGURE 6c S3: Saccades
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the role of spatial correspondence of the visual and auditory inputs and should therefore

substantially clarify this issue.

The evidence for neural summation in the directed manual response task is ve-v

weak in comparison to that obtained for saccades, and provides only minimal suppor :Or

the importance of visual and auditory convergence onto neural elements involved in the

execution of this task. The functional organization of the colliculus makes it unlikely hat it

plays an important role in the initiation of directed manual responses, although similar

kinds of mechanisms might exist to control manual responses that are guided by the

location of either visual or auditory targets (e.g., polymodal association cortex of the

parietal lobe: cf. Anderson, 1987). As in the case of saccades, a reasonable working

hypothesis is that bimodal convergence within pathways that are largely sensory in na-_-e

are likely to depend upon the spatial alignment of the inputs. Thus, the importance of

examining the effects of spatial alignment of the visual and auditory inputs is again

suggested, and we intend to investigate this issue concurrently using each of our three

model response systems.

In summary, we present evidence that the degree of intersensory facilitation

produced by spatially coincident visual and auditory targets varies with the response

requirements of the task. In the case of saccades. the facilitatory effects are commens -:e

with the notion of neural summation of the auditory and visual channels somewhere w-in

the oculomotor pathway. The superior colliculus appears to represent a good candida-e

structure in the case of intersensory facilitation of saccades. The issue with respect to

directed manual responses is less clear. It is noteworthy that an examination of the means

displayed in Fig. 4 suggested a substantial degree of facilitation for both saccades and

directed-manual responses. However, the S-Measure (Nozawa, Appendix III; Fig 5a-c)

clearly indicates that a substantial amount of neural summation was only found for

saccades. The effects of presenting visual and auditory targets that are out of spatial

register should be quite informative and therefore are of high priority in our future work.

Finally, the neuroanatomical location of the site of this bimodal convergence is of

obvious importance. The later phases of this project are intended to examine the effects

described in this report in a set of carefully selected neurological patients (described in our

original proposal). Careful psychophysical studies of sensory-motor performance in such

patients, in conjunction with a detailed neuroanatomical analysis of lesion site (made

possible by the brain printing methodology described in Appendix II of this report;

Jouandet et al, 1990; Thomas et al., 1990; Tramo et al., 1990), has great potential for

providing important information concerning the brain regions that actually support these

forms of interactions between sensory modalities.
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Saccadic Latency Reduction 2

Abstract

The latency to initiate a saccade (saccadic reaction time) to an eccentric target is reduced

by extinguishing the fixation stimulus prior to the target onset. Various accounts have

attributed this latency reduction (referred to as the "gap effect") to facilitated sensory

processing, oculomotor readiness or attentional processes. Two experiments explored the

relative contributions of these factors to the gap effect. Experiment 1 demonstrates that the

reduction in saccadic reaction time (RT) produced by fixation point offset is additive with the

effect of target luminance. Experiment 2 indicates that the gap effect is specific for saccades

directed towards a peripheral target and does not influence saccades directed away from the

target (i.e. anti-saccades) or choice manual RT. The results are consistent with an

interpretation of the gap effect in terms of facilitated premotor processing in the superior

colliculus.
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The Reduction of Saccadic Latency by Fixation Point Offset:

An Analysis of the "Gap Effect"

The latency to inititiate a saccade in response to an eccentric a,,-et is typically on the

order of 180-250 ms (Carpenter, 1977; Wheeless, Boynton & Cohen. 1966). Saccadic reaction

times (RT) can be substantially reduced, however, by simply exting.tisling the fixation

stimulus 200-300 ms prior :o target onset (e.g. Fischer & Ramsper-r. 1984; Saslow. 1967 ).

In addition to reducing the average latency of saccades, a temporal gap -erwveen fixation point

offset and target onset (referred to as the "gap condition") may produce a subpopulation of

saccades with a modal latency of 120 ms (Fischer & Ramsperger. 19 S. 1986). These have

been called "express saccades" (e.g., Fischer & Boch, 1983; Fischer & Breitmever, 1987:

Fischer, 1987). The latency reduction produced by fixation stimulus offsets have been

variously attributed to facilitated sensory processing (e.g. Reulen, 198-a), oculomotor

readiness (Kalesnykas & Hallett, 1987; Saslow, 1967) or to attentionJa factors (e.g.,

Fischer,1987). The present experiments examined the effects of target luminance and response

requirements in an attempt to clarify the basis of latency facilitation in the gap condition.

Fixation point offsets could conceivably exert their effect by altering visual sensitivity.

It might be easier, for instance, to detect eccentric flashes in a blank field than in the presence

of a fixation stimulus. This possibility is considered in Reulen's model (1984a; 1984b) which

attributes latency reduction in the gap condition to enhanced processing of the visual target.

This model assumes that saccadic RT represents the linear sum of several serially organized

processing stages. Following Grice's random threshold theory of response latency (Grice

1968), the model assumes a "sensory stage" in which neural responses to signal onset

accumulate until a threshold is reached. Subsequent events represent oculomotor programming
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and efferent processes. In this model the accumulation rate is a direct function of signal

intensity and is constant over time.

..........................

Figure 1 about here

Reulen's model accounts for the reduction in latency in the gap condition by

hypothesizing that fixation point offsets increase the rate at which the sensory activit-

accumulates. The main features of Reulen's model are portrayed in Fizure 1 which depicts the

accumulation of sensory activity over time for bright and dim flashes. Given a constant

threshold, it is evident that bright tarzets will reach threshold faster than dim ones. This

model also predicts that the latency difference between gap and overlap conditions should

increase with decreasing target luminance. We tested this possibility directly in the firs:

experiment by measuring saccadic RT to high and low-luminance targets presented with and

without a central fixation stimulus.

EXPERIMENT 1

Method

Subjects. The subjects were eight Dartmouth undergraduates and two of the authors

(PRL and HCH). All subjects had normal vision or were corrected by contact lenses.

Apparatus. Three computer-controlled red light emitting diodes (LED's) served as

the saccade targets and the fixation stimulus. At the viewing distance of 57 cm. each LED

subtended 0.50 visual angle. The target LED's were positioned 7.00 to the right or left of the
fixation light. The luminance of the fixation light was 0.8 cd/m 2. Target luminance was either

40 cd/m 2 (bright targets) or 0.4 cd/m 2 (dim targets). Luminance was controlled by varying

the voltages applied to each lamp via digital to analog converters. The position of the left eye

was monitored using the Eye-trac 200 infra-red scleral reflection device which has a resolution
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of .25, and a 0-250 Hz. bandwidth. The eye position signal was digitized at a sampling rate

of 250 Hz. Head movements were minimized by a chinrest/head restraining assembly.

Design and Procedure. This experiment compared the effects of two levels of

target luminance on saccadic RT under the gap and overlap conditions. In the overlap

condition the fixation light was illuminated at the start and remained present throughout the

trial. In the gap condition the fixation point was illuminated at the start of the trial but was

extinguished 200 ms prior to the onset of the eccentric saccade target. Previous work has

indicated that optimal gap effects can be obtained with a 200 ms gap interval (e.g. Fischer &

Breitmever. 1987: Saslow. 1967).

The procedure used in this and the following experiment included several features

designed to equate response readiness and minimize anticipatory responses. In previous

investizations. fixation point offsets may have alerted the observer to the imminent occurrence

of the visual target. perhaps resulting in faster responses than in the overlap condition in which

no warning event occurred. In an effort to equate warning cues in the gap and overlap

conditions, an auditory warning tone (1000 Hz.) preceded the target on all trials. The warning

tone was presented via a speaker positioned directly below the fixation LED. To minimize

anticipatory responses, the positions of the target were unpredictable, and both fixation

conditions included catch trials (20%) in which no target was presented. Gap and overlap trials

occurred randomly and with equal frequency within each block of 76 trials.

Figure 2 about here

A schematic illustration of the events in each trial is presented in Figure 2. Each trial

began with the illumination of the fixation light. After 900 ms, the 100 ms warning tone was

presented. In the gap condition, the fixation light was extinguished simultaneously with the

offset of the warning tone, and following a 200 ms dark interval either the right or left LED

was illuminated for 300 ms. In the overlap condition, the target was presented 200 ms after the



Saccadic Latency Reduction 6

offset of the warning tone, but the fixation light remained on until 500 ms after target offset.

Bright and dim targets were presented randomly within a trial block and occurred equally often

in gap and overlap trials. The subjects were instructed to maintain central fixation until the

onset of the eccentric target, at which point they were to look at the target as rapidly as

possible.

Each subject participated in at least two practice blocks of 76 trials each, followed by

six experimental blocks run over a five day period. A maximum of two trial blocks were run

in each experimental session.

Data Analysis. Saccades were detected automatically using a velocity criterion (>80

deg sec 1 ), but were verified by the experimenters. The temporal interval between the onset of

the target and the beainnin- of the saccade was taken as the saccadic latency. Following

previous studies (e.g. Fischer & Rampsberger, 1984, 1986), latencies less than 80 ms were

counted as anticipations. Latencies longer than 700 ms were considered misses and excluded

from the analyses. Saccade magnitudes and peak velocities were computed using calibration

data obtained immediately prior to each session.

Results

The latency data for bright and dim targets in the gap and overlap conditions are plotted

in Figure 3. A two-way analysis of variance (ANOVA) on these data indicated significant

main effects of fixation condition [F(1,9)=73.2; p<.0001] and intensity [F(1,9)=472.1;

p<.0001] , but no significant interaction [F(1,9)=0.72] . These results indicate a significant

reduction of saccade latencies in the gap condition, and demonstrate that this effect is additive

with the facilitatory effect of target luminance. Together, fixation condition and target intensity

accounted for 77% of the variance in the data set.

Figure----3--about---here-

Figure 3 about here

--------------------------
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Response Distributions. Since previous studies using the gap paradigm have

indicated that express saccades are often revealed as a prominent early mode in latency

histograms, we obtained latency histograms for each subject in all conditions. The latency

histograms for two representative subjects are shown in Figure 4. As is the case for all

subjects, little evidence of bimodality can be discerned by visual inspection of these

histoLzrams. Given the differences in procedure used to collect the present data (i.e., the

presence of catch trials, inclusion of an auditory warning signal, position uncertainty), we

tentatively attribute the absence of a bimodal latency distribution to procedural differences

between this and previous work.

Figure 4 about here

Anticipatory responses. While anticipatory responses (i.e. latencies less than 80

ms) were rare, the mean incidence of anticipations was virtually identical in the overlap and

gap conditions (1.8% and 1.2%, respectively). The similarity in these anticipation rates argues

against the possibility that facilitation in the gap condition is due to a greater tendency to initiate

responses prior to the target onset (Kalesnykas & Hallett, 1987).

Saccade Topology. Previous reports describing express saccades have provided

little information concerning the topological aspects of saccades in the gap paradigm. We

observed some variability in the amplitude (i.e. the size of the saccade expressed in degrees)

and velocity of saccades to the targets at 7.00 and therefore analyzed these characteristics. An

analysis of the amplitude data indicates only that saccades to the dim targets were slightly but

significantly smaller than those to bright targets in both the gap and overlap conditions

(F(1,9)= 16.4; p=.003). The average size of the saccades to dim targets at 7.00 was 6.30

versus 6.60 in response to bright targets at the same eccentricity. An analysis of the peak

velocities indicated no effect of luminance (F(l,9)=0.6) or fixation condition (F(1,9)=0.4).
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Discussion

The bimodal latency distributions previously observed in the gap condition (e.g.

Fischer & Ramsperger. 1984; Reulen, 1984b) were not found in the present experiment.

These data suggiiest that bimodal distributions are not a necessary correlate of latency reduction

in the gap paradigm. In :he bright target condition, we observed many saccades with latencies

within the range (100-120 ms) in which the subpopulation of "express saccades" has been

previously observed. However, none of our subjects showed evidence of a bimodal

distribution even though eve-y one demonstrated a reduction in mean RT in the gap condition.

Furthermore, the present results suggest that the facilitatory effects of fixation point offset do

not depend on the absolute latency of the saccadic responses. since the magnitude of the gap

effect was identical for bright and dim targets even though responses to dim targets were

approximately 70 ms slower. In addition, analyses of the topology of saccades generated in

the gap condition indicate that they do not differ from "regular" saccades with respect to their

accuracy or velocity characteristics.

The major finding of this experiment is that the reduction in saccadic RT produced by

extinguishing the fixation light is equivalent for bright and dim targets. Tnis addivity betveen

the effects of luminance and fixation condition is incompatible with the mechanisms proposed

by Reulen to account for the gap effect. By the logic of additive factors this additivity raises

the possibility that target luminance and fixation offsets exert their effects on different

processing stages (Steinberg, 1969). Since the time course of neural activity is strongly

dependent on stimulus intensity from the level of the photoreceptors to the primary visual

cortex (e.g. Baylor & Hodgkin,1973; Lennie, 1983; Miller & Glickstein, 1967), the present

findings suggest that fixation point offsets might influence processes subsequent to the loci of

intensity dependent effects.

While additive factors logic has generated a coherent and internally consistent account

of simple sensorimotor tasks (e.g. Sanders, 1977), it assumes serial, independent processing
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stages. This assumption has been challenged in some contexts, however (e.g. Eriksen &

Schultz, 1979; McClelland, 1979; Taylor, 1977). Thus one goal of the second experiment

was to test further the role of enhanced early sensory processing in mediating the gap effect.
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EXPERIMENT 2

If fixation offsets produce enhanced sensory processing in the primary visual pathway.

then a variety of responses might show reduced latencies in the gap condition. However, if

the effect is restricted to saccades, it would suggest that fixation offsets specifically relate to

processes within the oculomotor system. This possibility was tested in Experiment 2, whichi

compared the effects of fixation point offsets on manual RTs and two different types of

oculomotor responses: 1) pro-saccades, in which the saccade is directed to the target and 2

anti-saccades, in which the saccades are directed away from the target (Hallett, 1978). In

addition, by comparing pro- and anti-saccades, we can evaluate whether the gap effect is a

general characteristic of saccadic responses, a possibility suggested by several accounts of

latency reduction in the gap paradigm (Fischer & Breitmever, 1987; Kalesnykas & Halet.

1987; Saslow, 1967).

The account originally proposed by Saslow (1967) attributes the reduction of saccade

latencies in the gap condition to the saccadic refractory period. Normal saccades and

microsaccades are followed by a refractory period lasting approximately 150 ms, during which

time a second saccade cannot be initiated (Nachmias, 1959; Carpenter, 1977). Saslow

reasoned that subjects are more likely to make micro-corrective saccades when a fixation point

is present versus when it is absent. Thus in the overlap condition there is a greater likelihood

that subjects are in the midst of the refractory period at the moment of target onset, which

delays the saccadic response. According to this view, we might expect both pro- and anti-

saccades to be influenced by fixation point offsets, since the saccadic refractory period should

affect both types of saccades equally. However, since this refractory period should not

influence manual RTs, no effect of fixation offset would be expected in this condition.

More recently, Kalesnykas and Hallett (1987) have proposed that in the gap condition

saccades may be programmed prior to the onset of the eccentric target. This view assumes that
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saccades are programmed without information about target location, so the parameters of the

motor program are initially set in the absence of visual input. According to this hypothesis,

anticipatory saccades are initiated too far in advance of the target onset to be modified by its

visual coordinates and therefore may be incorrect in direction and/or amplitude. Express

saccades are thought to be preprogammed in the appropriate direction by chance and are

initiated late enough to have their amplitude modified by the target coordinates, resulting in

short latencies and an accurate movement. Regular latency saccades are those which are either

not preprogrammed or were reprogrammed in response to the target coordinates. Given :hat

manual movements could also be preprogrammed. this view does not exclude the possibility

that fixation offset could reduce choice-manual RTs. It does, however, predict that anti-

saccades should show a gap effect, since fixation offsets could trigger that proporion of

preprogammed saccades which happened to be in the direction opposite to the target.

Finally, Experiment 2 has relevance to the proposal that attentional disengagement

mediates saccadic facilitation in the gap condition (Fischer, 1987; Fischer & Breitmever.

1987). According to this view, extinguishing the fixation point disengages attention. Thus, at

the time of target onset, attention is in the disengaged state thereby reducing saccadic latencies

by the amount of time normally required to execute the disengage operation. If attention must

be disengaged prior to the occurrence of any saccade, as Fischer & Breitmeyer (1987) suggest

the latency of anti-saccades might also be facilitated in the gap condition.

Method

Stimuli and Procedure. The stimulus display differed from Experiment 1 in that

only the bright target (40 cd/m 2 ) was used. In addition, a 300 ms gap interval was included

and randomly intermixed with 200 ms gap and overlap trials. On both gap and overlap trials,

the 100 ms warning tone offset either 200 or 300 ms prior to target onset and coincided with

fixation point offset on gap trials. This means that, on overlap trials, there was either a 200 or

300 ms foreperiod between tone offset and target onset. On gap trials this foreperiod
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corresponded to the 2(X) or 300 ms gap duration. In all other respects the stimulus conditions

were identical to Experiment 1.

Each subject participated in six trials blocks for each of three response conditions: pro-

saccade, anti-saccade and choice-manual RT. Two blocks of 76 trials each were run in each of

9 experimental sessions carried out on separate days. A fixed order of response conditions

was used with all subjects participating in the pro-saccade condition first. followed by the anti-

saccade condition and finally by the choice-manual RT task. In the anti-saccade task subjects

,,ere instructed to saccade the same distance but in the direction opposite the target light. In

the choice-manual RT task the subject pressed one of two response keys depending on :he

Location of the target. The stimulus-response mapping was always compatible (e.g.. left hight -

left hand, right light - right hand). At least two blocks of practice trials preceded data collection

for each response type. Manual RT's were accurate to the nearest millisecond.

Subjects. Three paid volunteers and two of the authors (PRL and HCH) participated

in this experiment.

Results

The latency data are displayed in Figure 5. It is apparent that a strong gap effect

emerged only for pro-saccades. This was confirmed statistically in a three-way AINOVA with

foreperiod (200 vs. 300 ms), fixation condition (gap vs. overlap), and response condition

(manual, pro-saccade, anti-saccade) as repeated factors. In addition to main effects of

response condition [F(2,8)=16.4; p<.002] and fixation condition [F(1,4)=23.4; p<.OlJ , this

analysis revealed a significant interaction between these factors [F(2,8)=7.8; p<.0 2 ]. Post-hoc

comparisons using the Newman-Keuls procedure indicated that the interaction was due to a

significant latency reduction produced by fixation offset only for the pro-saccade condition

(p<.05).

Figure 5 about here
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The only other significant effect was an interaction of foreperiod and response type

[Ft2.8)=9.5; p<.O11J. The means indicate that, regardless of fixation condition, the 200 ms

foreperiod was associated with faster responses for both pro- and anti-saccades whereas the

300 ms foreperiod produced slightly faster manual responses. Post hoc analyses using the

Newman-Keuls procedure indicate that the difference between foreperiods was significant only

for anti-saccades (p<.05). The reasons for this foreperiod effect are not clear, but the pattern

suggests differences in the time course of alerting processes for different response systems

Ross & Ross, 1980, 1981). In the gap condition, the two levels of foreperiod correspond to

,ap durations of 2(X) and 300 ms. The absence of an interaction betveen foreperiod and

fixation condition indicates that gap duration had no reliable effect on RT.

Response Distributions. Latency histograms from two observers for the pro-

saccade condition are presented in Figure 6. As in the first experiment, the distributions

showed little evidence for bimodality, REP being the lone exception.

Figure 6 about here

Direction Errors and Anticipations. Although generally rare (less than 3% of all

responses), direction errors were more common in the anti-saccade condition than in either the

pro-saccade or the choice-manual condition. Since only two errors occurred in the manual

condition, these data were not analyzed further. The proportion of direction errors occurring

in the gap and overlap conditions for pro- and anti-saccades were transformed (arc-sine) and

submitted to an ANOVA. This analysis indicated that direction errors were more frequent in

the anti-saccade task than in the pro-saccade task [F(1,4)=39.8; p=.004] and were also more

frequent in the gap than in the overlap condition [F(l,4)=14.5;p<.02]. There was no

interaction between these two variables.
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The higher frequency of direction errors in the gap condition, again, raises the

possibility that the shorter latency in this condition reflects a greater incidence of anticipatory

responses. However, the incidence of direction errors was greater for anti-saccades than for

pro-saccades and there was no gap effect for anti-saccades. Thus, the facilitatory effects of the

gap cannot be explained by a greater tendency to make anticipatory responses. In addition, the

frequency of anticipatory responses was found to be unaffected by fixation condition. Li the

pro- and anti-saccade conditions, 1.7% of all responses had latencies less than 80 ms. whereas

none of the manual responses were anticipatory. Proportions of anticipatory responses .,,ere

computed for each subject, arc-sine transformed and analyzed using a thre ,,, v ANOVA with

fixation condition, foreperiod and response type (pro- versus anti-saccade) as factors. No

main effects or interactions approached significance.

Multiple Saccades. A further analysis of the anti-saccade data revealed a strong

tendency for four of the subjects to generate "double saccades" . For these subjects 38% of

the responses in this condition were characterized by primary and secondary saccades. In

general the magnitude of the secondary saccade was larger (greater than 60% of the p-imary)

than is typical of corrective saccades (Carpenter, 1977). In his investigations of the anti-

saccade paradigm, Hallett (1978; Hallett & Adams, 1980) also observed many multiple

saccades in this task. Interestingly, Jay and Sparks (1990) report many double saccades in

response to acoustic targets, suggesting that such saccadic responses may be a characteristic of

saccades executed without visual guidance. Finally, it should be noted that the presence or

absence of the fixation point had no effect on the frequency of double saccades.

General Discussion

Efferent Factors in the Gap Paradigm

The results from Experiment 2 indicate that the facilitatory effect of fixation stimulus

offset is limited to pro-saccades. This response-specificity, together with the finding that the

gap effect is additive with the effect of target luminance, appears inconsistent with views that
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attribute the facilitatorv effects of fixation point offsets to enhanced early visual processing.

Both the addiivity with target luminance and the response specificity are, however, consistent

with the hypothesis that the gap effect may be related to pre-motor processes specifically within

the oculomotor system.

While the accounts of the gap effect offered by Saslow (1967) and Kalesnykas and

Hallett (1987) also emphasize efferent factors, aspects of :he present results are not readiiv

explained by either view. If saccade direction and amplitude are preprogrammed in the gap

condition or if the saccadic refractory period contributes to the gap effect, we would expect

ani-saccade latencies to be facilitated by fixation point offset. The results from Experiment 2

provide no support for these expectations.

Other aspects of the data are inconsistent with the preprogramming hypothesis offered

by Kalesnykas and Hallett (1987). By their view, the tendency to initiate preprogrammed

saccades in the gap condition should produce more anticipatory saccades relative to tie overlap

condition. Using 80 ms as a criterion for anticipations, we did not find this to be the case.

Kalesnykas and Hallett (1987) propose that since anticipations tend to be hypometric, saccade

amplitude should also be used to distinguish these responses from express saccades. We

found no differences in saccade amplitude in the gap and overlap conditions, indicating that our

data set does not include substantial numbers of hypometric anticipatory responses.

Anticipatory factors may have played a greater role in some earlier work on the gap

paradigm which did not use catch trials, unpredictable target locations or provide warning

signals in both the gap and overlap trials. In many previous studies (e.g. Fischer &

Rampsberger, 1986; Mayfrank et al., 1986; Reulen, 1984a,1984b), there is good reason to

suggest that, since the fixation point offset provided the only warning of the impending target

event subjects were more alert and prepared to respond in the gap condition than in the overlap

condition (c.f. Ross and Ross, 1980, 1981). The present data were obtained under conditions

specifically designed to minimize the contribution of anticipatory processes. These measures



Saccadic Latency Reduction 16

appear to have succeeded in minimizing anticipatory effects, as evidenced by the similarity in

anticipatory errors in the gap and overlap conditions.

Role of the Superior Colliculus in Saccadic Facilitation

Schiller, Sandell and Maunsell (1987) report that ablations of the superior colliculus

(SC) abolish express saccades, while producing only a modest slowing of regular saccades.

The close coupling of the sensory and motor fields in the SC and its direct output to brainstem

oculomotor centers, make it well-suited for controlling the rapid foveation of eccentric targets

(Sparks & Mays. 1980: Wurtz & Goldberg, 1972). Since observers are not normally

compelled to fixate every peripheral event, some form of inhibitory control must be exered on

collicular mechanisms. Hikosaka and Wurtz (1983) have recently established a neural basis

for such inhibition by demonstrating that activitv in substantia nigra tonically inhibits the SC.

Furthermore. e!ectrophysiological observations indicate that the threshold current needed to

elicit a saccade from either the SC or the frontal eye field (FEF) increc.. -s during active

foveation (Goldberg, Bushnell & Bruce, 1986). Thus it seeffis reasonable to suggest that the

reduction in latency observed in the gap condition may reflect the functioning of collicular

mechanisms in the absence of this fixation-related inhibition (i.e. fixation release). The

absence of a gap effect for either choice-manual responses or anti-saccades could be attributed

to a lack of collicular involvement in either of these responses.

The FEFs have been implicated in the control of anti-saccades since patients with focal

excisions involving this region are selectively impaired on this task (Guitton, Buchtel, &

Douglas, 1985). Signals originating in the FEF can control eye position independently of the

SC (Schiler True & Conway, 1980), perhaps via direct neuroanatomical connections to

brainstem oculomotor centers (e.g.Leichnetz, 1981; Leichnetz, Smith & Spencer, 1984). To

the extent that the FEFs can directly control saccades, responses requiring the FEF, such as

anti-saccades, may be independent of neural influences exerted on the colliculus. We suggest

that a possible reason that anti-saccades are not be influenced by the gap condition is because
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their generation may be less dependent on the SC where fixation point offsets appear to exert

their effects. Given the highly voluntary nature of anti-saccades, it is unlikely that special

mechanisms would have evolved to inhibit their occurrence, as is the case for pro-saccades.

The hypothesis that the gap effect reflects facilitated pre-motor processes that are

specific to pro-saccades suggests the possibility that the deeper layers of the SC might play an

important role in this phenomenon, since many cells in this region are not visually responsive

but show pre-saccadic activity (e.g. Jay & Sparks, 1987). It would therefore be interesting :o

compare the activity of such pre-saccadic burst neurons in the gap and overlap conditions.

Attentional Mediation of Latency Facilitation?

While we take the view that the latency facilitation in the pao condition reflects the

release of oculomotor mechanisms from the inhibitory influences engaged during active

fixation, Fischer and his colleagues attribute these effects to attentional disengagement

(Fischer, 1987; Fischer & Breitmeyer, 1987; Mayfrank et al. 1986). Several features of our

data, caution us against invoking attentional mechanisms to explain the gap effect.

Considerable electrophysiological and behavioral evidence indicates that attention influences

early stages of sensory processing (e.g. Hawkins, Shafto & Richardson, 1988; Mangun,

Hillyard & Luck, in press). The work of Hawkins et al. (1988) is particularly relevant to the

logic of the present investigation. They found that the magnitude of attentional effects

produced by spatial precues interacted with target luminance, leading them to conclude that

attention, like signal intensity, affected early visual processing (also see Backus & Sternberg,

1988). Furthermore, as Posner and his colleagues originally demonstrated (Posner, Nissen &

Ogden, 1978, Posner, 1980), the facilitatory effects of attentional precues are not restricted to

one response modality but can enhance manual as well as saccadic RT. In contrast, the present

results suggest that the gap effect operates quite differently from attentional manipulations in

precuing paradigms, since it is additive with target luminance and is apparently restricted to

pro-saccades. Thus, if attentional mechanisms contribute to the gap effect, they differ from
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those mechanisms that mediate stimulus selection in spatial precuing paradigms and may be

related instead to the selection of the appropriate oculomotor program (cf. Goldberg &

Seagraves, 1987).
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Figure Captions

Figure 1. Dia-_ram of Reulen's facilitation model. In this model a sensory integrator

accumulates activity following a peripheral afferent delay which is a function of signal

intensity. The rate of accumulation is jointly determined by signal intensity and a facilitation

factor produced by fixation point offset. The facilitation factor, per se, is independent of target

intensity. In this diagram the parameters representing the facilitation factor and target intensity

were multiplicatively combined, following equation 1 of Reulen (1984a). Note that the irne

difference to reach threshold in the gap (G) versus the overlap (0) condition is larger for :he

dim than for the bright target. This interaction between the effects of intensity and fixa:ion

condition is predicted by the model regardless of whether the facilitation and intensity

parameters are additively or multiplicatively combined.

Figure2. Schematic representation of trial events in Gap and Overlap conditions for

Experiments I and 2.

Figire 3. Mean saccade latencies to bright and dim targets in the gap and overlap conditions.

Figure 4. Frequency histogramn rcpicentiig dic auuuade it=icieS to brigh-tani cif-tzffgets 1

the gap and overlap conditions for two observers (bin width=8 ).

Figure 5. Mean latencies for the three response modes (pro-saccades, anti-saccades and

choice-manual responses) in the gap and overlap conditions.

Figure 6. Frequency histograms representing the pro-saccade latencies for two observers in

the gap and overlap conditions with 200 and 300 ms forepeiods (bin width=8 ).
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This paper presents statistical methods which can be used to examine two types of
inequalities obtained in paradigms using redundant targets. These methods have been developed
to analyze the latency data obtained in our investigation of multimodal control of orienting. In the
redundant target paradigm (see for example, Egeth, Jonides, & Wall, 1972), a certain number of
identical targets are presented simultaneously to the subject. The subject's task is to detect,
recognize, or identify the target. In general as the number of redundant targets increases, error
r-tes and detection latencies decrease monotonically (Grice, Canham, & Boroughs, 1984; Miller,
1982, 1986:NIckerson, 1973; Raab, 1962; Ulrich & Giray, 1986; Shaw, 1982; Mulligan &
Shaw, 1980; Townsend & Ashby, 1983).

The models which successfully account for the performance in the redundant target paradigm
can be classified as parallel processing models and include probability summation or horse race
models and neural summation models. The probability summation mie! piucesses the input
in:orrmation from different channels at the same time. The processing is terminated whenever a
tae~et has been encountered. If there are two targets to be processed, the processor will end the
e.,ecunon when the first target is processed. Therefore, reaction times of two targets condition is
exNpected to be faster than reaction times to each individual twrget. The neural summation model
.hich we examine here entertain another possibility. It assumes that each processing channel

has an independent neural counting process. When two cannels are activated at the same time,
th-e activities of the two counting processes are summed. This summation process produces an
increase in neural counting activity which leads to a decrease in times to reach a response

cterion. Nozawa (1988) proved mathematically that the neural summation model is in fact
faster than the horse race model or the unlimited capacity independent parallel model.

Two inequalities can be used to distinguish between horse race and neural summation models

(Ulrich & Giray, 1986;Nozawa, 1988). One of these was introduced by Miller(1982) and is
refered to as Miller's inequality. The second inequality is introduced in the present paper, and

shall be refered to as the Survivor measure or S-measure.
Miller's inequality (Miller, 1982) can be expressed as follows:

P.RTt IS aid S2) -< P(RT<t IS1) + P(RTt rs2). I )

The term, PiRT<t IS, and S2) represents the cumulative distribution function of the redundant target
condition. The other terms represent the cumulative distribution functions of single target
conditions. The inequality above comes from the fact that the cumulative distribution of the
redundant target condition can be expressed as the sum of two cumulative distribution functions
from single target conditions minus the joint cumulative distribution function of single target

conditions.

PRT t IS1 and S2) = P(RT<t IS,) + P(RT_<t S2)- n(RT<t IS,) and (RT<_t IS2)]. (2)
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The relationship between the lefthand side and the righthand side of the identity (2) leads us to
the inequality used in the S-measure, which comes from the equivalent identity in terms of
sur'Vivor functions. The S-measure is defined as follows:

S-measure = P(RT> ISt Sz) - P(RT>t IS,) x P(RT>t IS,). (3)

Ulrich and Giray (1986) showed that performance of the independent probability summation

model must fit into the interval between P(RtRTsi)+ P(RTt ISz) -I(RT-<t IS)and (RT_<t Isz)] and

ta, axtPRTt ISt).P(RT_. !S-J). In terms of survivor functions the above interval can be translated into

the interval between P(RT>t IS,) x P(RT>t IS2) and min(P(RT> IS,),P(RT>t IS2)).

As shown by Ulrich and Giray (1986) the cumulative function of any redundant target
condition must fall between the region surrounded by two boundaries: the upper bound is the

sum of the two cumulative distribution functions from single target conditions and the lower

bcund is the maximum of the two single condition's cumulative distributions (see Fig 1). Notice
that in terms of the distribution functions, the faster the mean reaction time the greater the

cumulative distribution function. So the upper bound shows us the case in which the speed of

the probability summation model is maximized. On the other hand the lower bound shows us the
case in which the speed of the probability summation model is the slowest possible. Increase or

de--ease of reaction times inside the boundaries can be explained by stochastic dependence

be:ween thc processing channels as was put forth by Ulrich and Giray (1986) and Colonius
(1986). However, any point beyond this region cannot be explained by any type of probability

summation model that assumes stochastic dependence.

In order to reject the probability summation model and support a neural summation model, it
is necessary to violate identity (2) and inequality (1): the identity (2) being a weaker test for the
neural summation model and the inequality (1) being the strongest test. In terms of statistical
hypotheses, inequality (1) and identity (2) can be expressed as follows.

Identity (2) is exressed in terms of survivor function and written

H0 :P(RTA IS, andS 2 - P(RTht IS,) x P(RT>t IS) > 0

and

Hl:P(RTlt Is, dS2 ) - P(RT> IS1) xP(RT>t IS2) < 0.

Inequality (1) is translated into statistical hypotheses as

H0:P(RT:t IS, andS2)- P(RT!t IS) + P(RT-t Is2) < 0

and
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Hi :P(RT t tS, ad S2)- P(RT<t S,) + P(RT t S-) > 0.

It is possible to calculate the alpha level for the above statistical hypotheses at any point of

time. It is also possible to summarize multiple comparisons by a multiple comparison alpha. By

calculating the alpha level we can distinguish the various degrees of neural summation for any

experimental conditions.

Application to Multimodal Experiments

In the present investigation, we are interested in comparing the degrees of neural summation

in various response modes: saccadic responses, directed manual response and simple manual

reaction times. These following statistical hypotheses are to be tested.

HO:7Sac(t) - - Joy(t) > 0

and

Hi:2Sac(t) - OJoy(t) < 0

Ho:-Sac(t) - SBut(t) > 0

and

Hl:"Sac(t) - SBut(t) < 0

H0:SJoy(t) - SBut(t) > 0

and

HI:Sjoy(t) - SBut(t) < 0
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1/-,:- "-'Sac(t) - MJoy(t) > 0

ani

H:LM.Sac(t) - MJoy(t) < 0

H:-.'/ Sac(t) - MBut(t) a 0

H .2'!.:Sac(t) - M/ZBut(t) < 0

H-:, JoyJ(t) --/But(t) > 0

ar~d

HftrLJoy(t) -But(t) < 0,

w.ere 3.(t) represents S-measure at time=t and M.(t) represents the values derived from Miller's

inequality at time=. The subscripts represent various types of response modes: "Sac" represents
saccade, "Joy" represents joystick, and "But" represents button press.

Now let us consider the statistical nature of the identity (2) and the inequality (1). Nozawa
(1988) considered a point on a survivor functions as a realization of a binomial random variable
and used this idea to test the superadditivity of the redundant target condition at the level of the
survivor functions. The same approach can be applied to the above problem: that is, binomial
random variables can be used to represent the cumulative distribution functions. Any number of
¢e'.nts in a bin of a cumulative distribution function can be considered as a particular realization
of a binomial random variable: Bin(n,p) = n C k x pkx (1.-p, where n is the total number of points
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in the sample, k is the number of events falling into the particular bin, and p is the value in the
cumulative distribution function. Note that we can also represent a survivor function by a

parameter p. In order to create the statistical distribution for Miller's inequality it is necessary to
sum the two binomial random variables. The sum of the two single target condition's cumulative
distribution functions are considered as a convolution of two binomial random variables:

kl-fk.(k1) (k,)xpi" x( I)iY , k,--fk,(k2) = (k )xx(1py)'2,

ki
and k 1 +k-) fk(k,) - fk2(k = fk,(k' -k2) x fk2(k2)

= X t-k x k Pl2() plkl x x (I - P X)"k= x (1" P")i' "

In the case of S-measure the multiplication of two single target condition's survivor functions
ar2 considered as the multiplication of two binomial random variables.

k3  k

fkIk3) = fk,(kl)xfk2(kz) 2 (p) x(n) Ptk x p2x(1_-j j) -1)",

k,=O k24O k1=O k=--O
where k3 = kI x k2.

In summary new methods to test inequalities used to distinguish probability summation and
neural summation models in the redundant target paradigm were developed by treating survivor
functions and cumulative distribution functions as binomial random variables.



Illustration of the regions pertaining to horse race versus neural summation models
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